Nitric oxide (NO) is a key messenger and regulator in many physiologic pathways as well as in pathologic states (1). The role of nitric oxide in tumor biology is complex, and the biologic response depends on where, when, and how much NO is produced (2). The radiosensitizing properties of nitric oxide have also recently been investigated (3,4). Because of this essential role in biology and therapeutics, several methods for quantification of NO in biologic media have been developed (5).
Nitric oxide (NO) is a key messenger and regulator in many physiologic pathways as well as in pathologic states (1) . The role of nitric oxide in tumor biology is complex, and the biologic response depends on where, when, and how much NO is produced (2) . The radiosensitizing properties of nitric oxide have also recently been investigated (3, 4) . Because of this essential role in biology and therapeutics, several methods for quantification of NO in biologic media have been developed (5) .
Among these techniques, electron paramagnetic resonance (EPR) spin trapping is very appealing because it offers very high sensitivity, high selectivity, and the possibility for application in vivo (6) . To be detectable in biologic media, NO should react with a spin trapping agent, forming a free radical adduct with a longer stability. The most commonly used spin traps for the detection of NO are iron(II) chelates for which the ligand possess a dithiocarbamate structure (7) . Two examples are the hydrophilic compound N-methyl-D-glucamine diethyldithiocarbamate (MGD) (8) and the lipophilic compound diethyldithiocarbamate (DETC) (9) . Fe(II)-DETC is the most commonly used spin trap in cell cultures. Although Fe(II)-DETC is insoluble in water, it is able to trap NO and relocate in cell membranes without precipitation (10) . For in vivo studies, however, Fe(II)-DETC cannot be administered by i.v. (IV) injection because the aggregates formed in the blood stream cause embolisms. To get around this problem, attempts have been made to inject the iron and DETC components separately into the animals using two different sites of injection: DETC via the intraperitoneal (i.p.) route and iron via the subcutaneous (s.c.) route (11) . However, this strategy led to problems of reproducibility in the quantification of NO in tissues, since the quantification depends on the absorption of each individual compound and on the kinetics of formation of the complex in vivo. Theoretically, the Fe(II)-MGD complex is more suitable than Fe(II)-DETC for in vivo investigations because it is freely soluble in aqueous environments and can be administered by IV without problems. However, its in vivo trapping efficiency has been reported to be poor because of a tendency of the NO adduct to precipitate and therefore lose EPR signal (12) . Moreover, it has also been demonstrated that Fe(II)-MGD undergoes a very complex redox chemistry, leading to difficulties in the assessment of the local production of NO (13) .
To overcome these problems, we developed two novel formulations of the Fe(II)-DETC complex that can be administered by IV injection. These formulations are based on technologies commonly used in the pharmaceutical industry for the solubilization of hydrophobic compounds (14) . The first method is a lipid-based carrier system stabilized with lecithin (15, 16) . The second is based on the formation of inclusion complex using hydroxypropyl-␤-cyclodextrin (17) . Cyclodextrins are bucket-shape oligosaccharides composed of glucose units (seven units for ␤-cyclodextrin). The conformation of the glucose units in the cyclodextrin arranges the hydrophilic hydroxyl groups outward toward the external environment and most of the hydrophobic groups inward toward the inside of the cavity. This unique configuration enables the molecule to form inclusion complexes with lipophilic compounds, with many applications in pharmaceutical technology for solubilizing drugs (18) . Here, we describe the methods of formulation of these new complexes. Furthermore, we present data on the capability of these new complexes to trap NO in vitro and in vivo compared to standard Fe(II)-DETC and Fe(II)-MGD.
METHODS

Spin Trap Formulations
MGD sodium salt and (2-(N,N-Diethylamino)-diazenolate-2-oxide diethylammonium salt (DEA NONOate) were purchased from Alexis Benelux (Zandhoven, Belgium). All other reagents were purchased from Sigma-Aldrich (Bornem, Belgium). All procedures were carried out under nitrogen to prevent iron(II) from oxidizing. The solvents were degassed with nitrogen before use. In all preparations, we used an excess of ligand with respect to iron (ligand:Fe(II) ratio ϭ 5:1).
Lipid-Based Carrier System
A total of 360 mg of L-␣-phosphatidylcholine from egg yolk was first dissolved in 10 mL chloroform/methanol (2/1) in a 500-mL round-bottom flask. The solvent was then evaporated under vacuum with a rotavapor for 45 min to form a lipid film. The film was hydrated with 2.25 mL water in the round-bottom flask for 45 min. Next, 1.5 mL was collected and sonicated with a VibraCell 100 (Sonics & Materials, Danbury, CT, USA) for 1.5 min at an output power of 20 W. Two independently prepared solutions of 0.25 mL DETC sodium salt (500 mM in water) and of 0.25 mL iron(II) sulfate (100 mM in water) were then added to the hydrated lipids and vigorously stirred. The lipid-based carrier system was filtered with a 0.45-m filter. The particle size was checked by photon correlation spectroscopy using a Zetasizer NanoSeries (Malvern Intruments, Malvern, United Kingdom).
Inclusion Complex
A total of 0.25 mL of DETC sodium salt (250 mM in water) and 0.25 mL of iron(II) sulfate (50 mM in water) were added under vigorous stirring to 0.5 mL of a hydroxypropyl-␤-cyclodextrin solution (60% w/v in water).
Preparation of Other Spin Trap Solutions
The lipid-based carrier system and inclusion complex were compared with the standard Fe(II)-MGD and Fe(II)-DETC spin traps in vitro and in vivo. Fe(II)-MGD complex was prepared by dissolution in water of MGD sodium salt (62.5 mM) and iron(II) sulfate (12.5 mM). Because Fe(II)-DETC is insoluble in water, we prepared two distinct water solutions: The first solution was DETC (250 mM). The second solution was iron(II) sulfate (50 mM) together with sodium citrate dihydrate (250 mM) (11) .
In Vitro Spin Trapping
This experiment was performed to assess the capability of the different systems to trap NO in an aqueous environment. The spin trap solution was added to DEA NONOate, an NO donor. The final concentrations were 10, 12.5, and 62.5 mM for DEA NONOate, Fe(II), and ligand, respectively. The mixture was stirred for 1 min, and the sample was put in a capillary tube that was sealed at both ends. The measurements were done on a Bruker EMX-EPR spectrometer (operating at 9 GHz) 30 and 60 min after mixing. The acquisitions were performed at 310 K. The spectrometer settings were field sweep 60 Mt; power 4 mW; modulation amplitude 0.15 mT; scan time 20 s; number of scans 20. The signal intensity was estimated by measuring the area under the curve of the spectra by double integration using the Bruker WinEPR program.
In Vivo Experiments
To assess the capability of the formulations to trap NO in vivo, we used a septic shock model in mice which induces a large release of NO (19) . Lipopolysaccharides (LPS) (from Escherichia coli, serotype 055:B5) were administered by IP route (50 mg/kg) to male ϳ25 g NMRI mice (Animalerie facultaire, Faculté de Médecine, Catholic University of Louvain). Six hours later, the spin traps were administered: 0.25 mmol/kg of Fe(II), 1.25 mmol/kg of ligand. The Fe(II)-MGD complex, the lipid-based carrier system, and the inclusion complex containing Fe(II)-DETC were administered by i.v. route. The "classic" double injection protocol was also used, with DETC injected via the i.p. route and Fe(II) injected via the s.c. route. The mice were sacrificed at different times after the administration of spin traps (5, 10, 15, 20, 30, 45 , 60, 120 min). The blood was collected through the cut, open end of a translucent Tiemann catheter (Maersk Medical Ltd.) having an inner diameter of 4.35 mm. The catheter was filled to a height of 6.5 cm and clamped at its end before being placed gently into liquid nitrogen. The length of the cylindrical sample was longer than the active region of the cavity, so that the filling factor for all samples was essentially identical. The catheter was emptied by removing the "carrot" of frozen blood in a liquid nitrogen cooled dewar. Samples located in the lower part of the dewar were separated from the liquid nitrogen in the upper part of the dewar by a wad of cotton and then analyzed using a Magnettech Miniscope spectrometer MS-200 operating at 9 GHz. The following settings were used for this spectrometer: field sweep 10 mT; power 10 mW; modulation amplitude 0.15 mT; scan time 20 s; number of scans 10. The signal-to-noise ratio of the spectra was measured. The liver and the kidneys were also sampled 30 min after the injection of the spin traps (time of maximal values recorded in the blood). Mice were sacrificed, and the liver and kidneys were excised, weighed, mixed with NaCl 0.9% (1 mL / g of tissue), and homogenized with a Potter-Elvehjem tissue grinder. The homogenate was collected by a Tiemann catheter and frozen in liquid nitrogen as previously described. The total time for organ extraction and freezing was approximately 5 min. The measurements were performed as previously described on a Bruker EMX-EPR spectrometer using the following settings: field sweep 10 mT; power 40 mW; single scan of 20 s.
RESULTS AND DISCUSSION
We report here rapid and convenient methods for preparing injectable forms of Fe(II)-DETC. We developed a lipidbased carrier system containing Fe(II)-DETC stabilized by lecithin, a surfactant commonly used in emulsions for parenteral administration. Using this procedure, we obtained dark, brown, milky colloids of Fe(II)-DETC. We reproducibly obtained particles with a size of 270 Ϯ 10 nm. We also used cyclodextrins, which allow inclusion of hydrophobic molecules in the center of the molecule. Based on the hydroxypropyl-␤-cyclodextrin molecular structure, the typical molecular size for these inclusion complexes is less than 2 nm. Using this procedure, we obtained dark-brown translucent solutions of Fe(II)-DETC.
The capability of the different systems to trap NO in an aqueous environment was evaluated by incubation in the presence of DEA NONOate as an NO donor. The results are presented in Fig. 1 . Using both systems, the EPR signal intensity was about 4 times higher compared to the hydrophilic complex Fe(II)-MGD (significant difference, t test, P Ͻ 0.05). It should be emphasized that without lecithin or hydroxypropyl-␤-cyclodextrin, the mixing of solutions of DETC and Fe(II) led immediately to precipitation and loss of EPR signal. The inferior signal of MGD-Fe(II)-NO was likely due to its rapid degradation and complex redox chemistry, as previously described by others (12, 13) .
The ability of our novel complexes to trap NO in vivo was evaluated in a model of sepsis. Comparisons were made with Fe(II)-MGD and the double injection protocol (DETC injected via the i.p. route and Fe(II) via the s.c. route) (19) . In Fig. 2 , we present the kinetics of the NO signal in the blood. The evolution of the concentration of NO adduct in the blood was variable, depending on the spin trap used in the experiment. The inclusion complex of Fe(II)-DETC in cyclodextrin was able to trap NO very quickly. The signal intensity was already elevated only 5 min after injection and remained stable for up to 30 min before eventually decreasing. Using the lipid-based carrier system, the NO adduct was more slowly formed in the blood, with a plateau reached after about 15 min. The concentration of NO adduct in the blood remained elevated for a longer time (up to 60 min) before declining. This kinetics pattern is likely the result of the progressive trapping of NO during circulation in the blood stream, followed by removal of the adduct by metabolism and/or elimination. Because NO is more rapidly trapped by the inclusion complex than by the lipid based carrier system, we hypothesize that the iron center is more easily accessible to bind NO in the inclusion complex. The more rapid decay of the NO adduct for the inclusion complex could result from a more rapid metabolism (also linked to an easier accessibility to the radical center) or a more rapid elimination of the cyclodextrin from the blood stream. Interestingly, both formulations provide a significantly higher NO trapping efficiency than either MGD-Fe(II) or the double injection protocol of Fe(II)-DETC (two-way ANOVA).
We also performed spin trapping experiments in the liver and kidneys at the time of the maximal level of NO detected (30 min after the injection of the spin traps). The results are shown in Fig. 3 . Typical EPR spectra obtained in 20 s are presented at two magnifications. Using a large sweep width (Fig. 3a) , different components can be observed. Among them we can distinguish the signal from the Cu-DETC complex (20) . The part of the spectrum corresponding to the NO-adduct is enlarged in Fig. 3b . The ranking in the efficiency for trapping NO in the liver was as follows: lipid-based carrier of Fe(II)-DETC Ͼ double injection of Fe(II)-DETC Ͼ Fe(II)-MGD Ͼ inclusion complex of Fe(II)-DETC. The high level of NO detected in the liver by the lipid-based carrier system is consistent with the fact that these particles have a size that makes them easily phagocytosed by the reticuloendothelial system (Kuppfer cells in the liver). The amount of NO found in the kidney was lower than in the liver using all spin traps. Again, the lipid-based carrier system was the most efficient NO trap in this organ.
CONCLUSION
The success of spin trapping techniques in vivo hinges on the development of spin traps that are well characterized, with high trapping efficiency and biocompatibility. In this study, we provide two new formulations of Fe(II)-DETC that could be used for parenteral injections: inclusion complexes and a lipid-based carrier system. The prepara- tion methods are simple and reproducible. The NO trapping efficiency in aqueous medium was 4 times higher for the new formulations compared to the standard spin trap Fe(II)-MGD. In vivo, the inclusion complex of Fe(II)-DETC was able to trap NO rapidly and continuously for at least 30 min after injection. The formation of NO adducts using the lipid-based carrier system was more gradual in the blood. After 30 min, the lipid-based system provides the highest NO trapping efficiency in the liver and kidneys. The significant improvement in the yield of NO trapping should be beneficial for any research involving physiologic or pathophysiological phenomena associated with subtle changes in the level of nitric oxide. 
